Infrared signature of the superconducting gap symmetry in iron-arsenide 

superconductors 
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We measured the in-plane optical conductivity of a nearly optimally doped Bao.6Ko.4Fe2As2 
single crystal with T c — 39.1 K. Upon entering the superconducting state the optical conductivity 
below ~ 20 meV vanishes, strongly suggesting a fully gapped system. A BCS-like fit requires 
two different isotropic gaps to describe the optical response of this material. The temperature 
dependence of the gaps and the penetration depth suggest a strong interband coupling, but no 
impurity scattering induced pair breaking is present. This contrasts to the large residual conductivity 
observed in optimally doped Ba(Fei_ ;r Co :E )2As2 and strongly supports an s± gap symmetry for these 
compounds. 

PACS numbers: 74.20.Rp, 74.70.Xa, 74.25. Gz 



A crucial issue in the superconducting mechanism of 
iron-arsenide compounds is understanding the properties 
of the superconducting gap(s). Electronic structure cal- 
culations predict that multiple bands at the Fermi Level 
participate in the formation of the c ondensate 51, B, lead- 
ing to multigap superconductivity. iMazin et al.l |3j sug- 
gested an antifcrromagnctic spin fluctuation mediated su- 
perconductivity in these materials resulting in a possi- 
ble sign reversal between the order parameters in differ- 
ent Fermi surface sheets, in the so-called s± symmetry. 
This s± symmetry has an important pair-breaking conse- 
quence. When scattering by non-magnetic impurity be- 
tween bands having s+ and s_ symmetries takes place, 
Cooper pairs are annihilated and an excess of unpaired 
quasiparticles appear in the superconducting state 

In this sense, BaFe2As2 based materials are of utmost 
importance as superconductivity appears with in- and 
out-of- FeAs plane doping. Angle resolved photoemission 
spectroscopy (ARPES) finds mulitple nodeless gaps in 
both Ba(Fei_ a; Co x )2As2 @ and Ba i _ 2: K ;!; Fe2As2 in 
accordance with theoretical calculations Q that predict 
isotropic gaps in optimally doped Co and K materials. 
Yet, their spectroscopic responses are strikingly different. 

In Ba(Fei_ 2; Co 2 ;)2As2, Co atoms go into the FeAs 
lanes. This material shows a V-shaped density of states 
that produces a strong sub-gap absorption 1(J U 



An extensive set of optical conductivity data exists on 
this family [nHll showing multiple superconducting 
gaps and, most importantly, sub-gap extra absorption 
in the superconducting state. 

Bai_^K a; Fe2As2 represents a different situation as dop- 
ing K atoms sit out of the FeAs planes. In addition 
to ARPES, local magnetization 11911; point-contact An- 
dreev reflection [20 
ncling microscopy 



towards multiple fully open gaps. These measurements 
show that two superconducting gaps with different val- 
ues dominate the physics of Bai_ x K 2: Fe2As2: a smaller 
gap in the 2A/ksT c of 1.3-4.2 and a larger gap in the 
2A/k B T c in the 4.5-10 ranges. 

Should we expect any fundamental difference between 
Ba(Fei_ a: Co a: )2As2 and Bai_ a: K a ;Fe2As2 families? In 
particular, can the different location of dopant atoms 
shed any light on the claimed s± symmetry? 

Optical conductivity is a very sensitive probe to charge 
carriers at low energies and should provide a direct in- 
formation on unpaired carriers in the superconducting 
state. Opposite to Ba(Fei_ a; Co a: )2As2, yery few opt ical 



measurements exist on Bai-xK^FeaAsa. lYang et al 



measured the infrared response of this system above T c 
only and found that the charge carriers are coupled to 
a broad bosonic spectrum extending beyond 100 meV 
with a very larg e coupling constant at low tempera- 



ture. iLi et al.l [26| found a fully open gap but could not 



quantify the pres ence of multiple superconducting gaps. 



Charnukha et al.l [271 ] described their ellipsometry data 



^specific heat [2lj, [22[ ; scanning tun- 
23J; and thermal transport |24| point 



with two gaps, however, one of them is below their low- 
est measured frequency. 

In this letter, we present a detailed infrared study on 
a nearly optimally doped Bao.6Ko.4Fc2As 2 single crys- 
tal. Below T c , we observe a fully open gap below 20 
meV, but in order to describe the optical conductivity a 
second gap at 33 meV has to be considered. The tem- 
perature dependence of the gap values indicates a strong 
interband interaction in Bai_ 2; K : j.Fe2As2. The fully open 
gap response indicates the absence of impurity induced 
pair breaking. We show that K and Co doped BaFe2As2 
have strikingly different far-infrared properties. In the 
former impurities are out of the FeAs plane and, there- 
fore, no interband pair-breaking scattering exists. In the 
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latter, existence of in-plane impurity scattering leads to 
pair breaking. Our results provide a strong indication 
that the gap symmetry in iron-arsenide superconductors 
is s±. 

High quality single crystals of Bao.eKo.4Fe2As2 were 
grown by an FeAs flux method [28|. The resistivity of 
the crystal (solid line in the lower inset of Fig. [1]) shows 
a very sharp superconducting transition with an onset 
at T c = 39.1 K and a width AT C ~ 0.5 K. Near nor- 
mal incidence reflectivity from 20 cm -1 to 12000 cm" 1 
was measured on Brukcr IFS113 and IFS66v spectrom- 
eters at 19 different temperatures from 5 to 300 K. The 
absolute reflectivity of the sample was obtained with an 
in situ gold overfilling technique (29| . The reflectivity 
has an absolute accuracy better than 0.5% and a relative 
accuracy better than 0.1%. The data was extended to 
the visible and UV range (10000 cm" 1 to 55000 cm" 1 ) 
at room temperature with an AvaSpec-2048 x 14 model 
fiber optic spectrometer. The sample was cleaved prior to 
each temperature run. We complemented the above data 
by measuring the reflectivity, normalized by its value at 
40 K, every Kelvin from 5 to 45 K in the 70-700 cm -1 
range. We then used the absolute reflectivity at 40 K to 
correct the data taken at all other temperatures. These 
measurements have a very high relative accuracy and al- 
low for a fine determination of the spectral temperature 
evolution. 

Figure [T] displays the reflectivity of Bao.6Ko.4Fe2As2 on 
the a&-plane above and below T c . Upon entering the su- 
perconducting state, the reflectivity increases and reaches 
a flat unity response below ~ 20 meV, which is a clear 
signature of a fully open superconducting gap 3^, 31 1 . 



The real part [oi(<j)] of the optical conductivity was 
derived from the reflectivity through Kramcrs-Kronig 
analysis. At low frequencies we used either a Hagcn- 
Rubens (1 — Ay/uJ) or a superconducting (1 — Auj a ) ex- 
trapolation. At high frequencies we used a constant re- 
flectivity to 40 eV followed by a w~ 4 free electron termi- 
nation. Figure [2] shows <Ji(uS) at various temperatures. 
Error bars at selected frequencies are shown at 35 K 
(temperature where they are the largest). These error 
bars were estimated assuming different high and low fre- 
quency extrapolations and an error of 0.5% in the value 
of the absolute reflectivity. 

Above T c , <J\{u)) shows a Drude-like metallic response 
described by a Drudc-Lorentz model: 



f \ 2n 

^0 
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k 



n 2 , 



(1) 

where Z$ is the vacuum impedance. The first term in 
Eq. [T] corresponds to a sum of free-carrier Drude re- 
sponses, each characterized by a plasma frequency (Cl p ,k) 
and a scattering rate (tjT 1 ). The second term is a sum 
of Lorentz oscillators characterized by a resonance fre- 
quency (Ofe), a line width (7^) and a plasma frequency 
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Figure 1. (color online) Bao.6Ko.4Fe2As2 infrared reflectivity 
measured (from top to bottom) at 4, 25, 30, 35, 40, 100, 
150, 200, and 300 K. The top inset shows the reflectivity at 
300 K up to 7.5 eV. The solid line in the lower inset is the 
dc resistivity and the solid circles are values from the zero 
frequency extrapolation of the optical conductivity. 



(Sfc). Although band structure theory predicts up to 
5 bands at the Fermi Level [H two Drude terms 
are enough to describe the optical conductivity of iron- 
arsenide superconductors [HI . We also used one Lorentz 
oscillator to represent the phonon at about 30 meV and 
another oscillator to account for mid-infrared intcrband 
transitions. These four contributions can account for the 
optical conductivity up to 1.25 eV at all measured tem- 
peratures in the normal state. Fits obtained for the nor- 
mal state with Eq . [T] arc shown as the solid smooth lines 
in Fig. O The zero frequency values of our fits repre- 
sent the inverse dc resistivity of the material which we 
compare (solid circles in the lower inset of Fig. [1]) to the 
measured dc resistivity (solid line) . The very good agree- 
ment indicates that our parametrization of the data is 
representative of the physics of the system. 

Below T c , a dramatic suppression of a\{uj) sets in. At 
5 K <7\(ijj) vanishes, within error bars, below 20 meV 
indicating a fully open gap. In order to quantitatively 
describe the optical response below T c , we replaced the 
two Drude terms used for the normal state in Eq. Q] by 
two corresponding Mattis-Bardeen conductivities, mod- 
ified to take into account arbitrary scattering [32j. The 
fits obtained for <ti(lo) in the superconducting state are 
also shown as solid smooth lines in Fig. [2] The inset de- 
tails the four contributions (two superconducting bands, 
one phonon and the mid-infrared interband transition) 
needed to describe o\ (ui) at 5 K. The superconducting re- 
sponse is composed of two isotropic gaps at Aq = 10 meV 
and Aq = 16.5 meV. We note that the gap values deter- 
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Figure 2. (color online) Bao.6Ko.4Fe2As2 optical conductiv- 
ity above and below T c . The smooth lines through the data 
are fits assuming that mobile charges are described by either 
Drude (normal state) or Mattis-Bardeen (superconducting) 
carriers. The inset decomposes the total fit of the optical 
conductivity at 5 K into individual contributions. Note the 
a change of slope in ai(u) at twice the value of the highest 
gap, 2A£ = 33 meV. 



mined here yield 2A$/k B T c = 5.9 and 2Afi/k B T c = 9.8, 
values larger than the BCS weak coupling limit but well 
within the reported range for this material [1,0, [Ml. 

Let us now analyze our results in the framework of the 
BCS theory. The top panel of Fig. [3] shows the temper- 
ature dependence of the gaps obtained from the fits to 
<7i(w). The solid lines are an approximate strong cou- 
pling correction to the BCS behavior, obtained by plug- 
ging the experimental values for A(0) and T c into the 
BCS gap equation. Although the fit is not perfect it re- 
produces well the rapid gap opening below T c expected 
for a strongly coupled superconductor 33j. Moreover, a 
significant interband interaction matrix element is indi- 
cated by the temperature dependence of the small gap. 
fn a two gap system where the bands are weakly inter- 
acting the small gap decreases rapidly well below T c [34| . 
The effect of a strong interband coupling is to make the 
small gap temperature dependence follow the large gap, 
as seen here. 

The lower panel in Fig.[3]depicts the penetration depth 
for Bao.6Ko.4Fe2As2- The dashed line is the solution of 
the penetration depth BCS equation with Ao = f meV 
whereas the solid line assumes Ao = f6.5 meV. In the 
inset we show the superfluid density and the same cal- 
culations as in the main panel. The calculation with the 
large gap Aq gives a better description to the data. This 



is a signature that the superconducting bands respond 
in parallel as implied when we described <j\(uj) by the 
sum of two Mattis-Bardeen terms. The larger gap, hav- 
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Figure 3. (color online) The top panel shows the supercon- 
ducting gap values obtained by fitting a\ obtained from the 
fine reflectivity temperature resolution measurements (open 
symbols) and from the accurate absolute reflectivity (solid 
symbols). The solid lines are an approximate strong coupling 
correction to the BCS gap equation. The bottom panel shows 
the penetration depth calculated from the London plasma fre- 
quency. Solid and open symbols have the same meaning as in 
the top panel. The dashed line is a calculation with Aq = 10 
meV and the solid line with Aq = 16.5 meV. The inset shows 
the superfluid density and the same calculations as in the 
main panel. 



ing a smaller penetration depth, dominates the value of 
the total penetration depth. 

It is very instructive to compare the fully open gap ob- 
served in Bao.6Ko.4Fe2As2 where dopants are out of the 
FeAs planes, to Ba(Fei_ a; Co a: )2As2 where dopants are in 
the FeAs planes. Figure @] shows the optical conductivity 
for both materials at 5 K. In Bao.6Ko.4Fe2As2 u\ van- 
ishes, within error bars, below the smaller gap absorption 
threshold (2Ag ). Hence, there is no sign of unpaired car- 
riers in the superconducting state. Conversely, the data 
for Ba(Fei_ a; Co 2: )2As2 (Ref. [Tlh shows a large low en- 
ergy, sub-gap, absorption in the superconducting state. 
This extra absorption is described by a Drude peak char- 
acterizing the unpaired carriers. Therefore, the in-plane 
impurity scattering is strong in Ba(Fei_ 2 -Co 2 -)2As2 and it 
induces pair-breaking that is, at least partially, responsi- 
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ble for the residual low frequency absorption 
and residual low temperature specific heat [351 ] observed 
in that system. In Bai_ a; K a: Fe2As2 K atoms stay out of 
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the FeAs planes and hence no interband impurity scat- 
tering is expected. In this case no pair-breaking induced 
residual low frequency <J\(uS) is present. In both mate- 
rials dopants are non magnetic and hence should not be 
pair-breaking scattering centers. The fact that when the 
dopant is in the FeAs plane creates unpaired quasipar- 
ticles matches naturally the s± gap symmetry proposed 
for iron-arsenide superconductors. 
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Figure 4. (color online) Optical conductivity at 5 K for 
Ba(Feo.92Co .o8)2As2 (Ref . [Tib and Bao.6K .4Fe2As 2 . For the 
latter, the thin solid lines are a fit as described in the text. For 
the former, besides the superconducting Mattis-Bardeen re- 
sponse, a Drude term (shown as the dashed area) is necessary 
to describe the residual sub-gap absorption in the supercon- 
ducting state. 

In summary, we presented a detailed optical study on 
a nearly optimally doped Bao.6Ko.4Fe2As2 single crystal. 
In the normal state, the optical response is metallic and 
can be well described by two Drude terms. In the su- 
perconducting state, an opening of two superconducting 
gaps was clearly observed. The optical conductivity van- 
ishes roughly below 20 meV indicating fully open gaps. 
A strong coupling BCS analysis shows that two almost 
isotropic gaps with different values describe the optical 
response of our sample. The temperature dependence of 
the gaps indicates a strong interband interaction. We 
found that Bai_a;K x Fe2As2 out-of-planc K atoms do not 
induce pair-breaking whereas scattering by the in-plane 
Co atoms of Ba(Fei_. ! ;Co x )2As2 deplete superconductiv- 
ity. This result strongly supports an s± symmetry for 
the gap. 
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